Background: TANK is a negative regulator of canonical NF-B signaling. Results: EMCV 3C cleaves TANK and regulates NF-B activation. Conclusion: EMCV 3C relieves TANK inhibitory effect on TRAF6-mediated NF-B signaling pathway. Significance: TANK is a novel target protein of viral proteases encoded by several positive RNA viruses.
TRAF family member-associated NF-B activator (TANK) is a negative regulator of canonical NF-B signaling in the Toll-like receptor-and B-cell receptor-mediated signaling pathways. However, functions of TANK in viral infection-mediated NF-B activation remain unclear.
Here, we reported that TANK was cleaved by encephalomyocarditis virus 3C at the 197 and 291 glutamine residues, which depends on its cysteine protease activity. In addition, encephalomyocarditis virus 3C impaired the ability of TANK to inhibit TRAF6-mediated NF-B signaling. Interestingly, we found that several viral proteases encoded by the foot and mouth disease virus, porcine reproductive and respiratory syndrome virus, and equine arteritis virus also cleaved TANK. Our results suggest that TANK is a novel target of some viral proteases, indicating that some positive RNA viruses have evolved to utilize their major proteases to regulate NF-B activation.
Encephalomyocarditis virus (EMCV)
4 infection causes myocarditis, encephalitis, neurological diseases, reproductive disorders, and diabetes in many mammalian species (1) . EMCV belongs to the genus Cardiovirus within the picornaviridae family. Like other picornaviruses, EMCV is a small, non-enveloped virus containing single-stranded positive-sense RNA of ϳ7.8 kb flanked by two untranslated regions (UTRs). The 5ЈUTR is 800 -1,200 nucleotides long, whereas the 3ЈUTR is ϳ120 nucleotides long with short stem-loop structures, followed by a poly(A) tail (1) . Upon virus entry and uncoating, EMCV genomic RNA (vRNA) is released into the cytoplasm. Host proteins, including eukaryotic initiation factors, bind the viral internal ribosome entry site and initiate cap-independent translation. The EMCV genome is translated into two separate polyproteins through ribosome skipping (2) . EMCV 3C protease (EMCV 3C) cleaves the two polyproteins to produce at least 13 mature viral proteins that are involved in genome replication, NLRP3-dependent inflammasome activation, and host innate immune responses (3, 4) .
NF-B activation is regulated by the IKK complex, a trimetric holoenzyme consisting of the following kinases: IKK␣, IKK␤, and the regulatory subunit NEMO (also called IKK␥). In the canonical NF-B signaling pathway, inhibitory IB proteins (IBs) bind NF-B dimers and sequester NF-B complexes in the cytoplasm (5) . Viral infection and inflammatory cytokines elicit the degradation of the IBs by the 26S proteasome following the phosphorylation of the IBs. Free NF-B dimers are transferred into the nucleus and stimulate the transcription of target genes encoding inflammatory and immunoregulatory molecules (6 -8) . The canonical NF-B signaling pathway is also regulated by different physiological stimuli such as signals emanating from the interleukin-1 receptor (IL-1R), the tumor necrosis factor receptor (TNFR), and other cytokine receptors (5, 9, 10) .
TRAF family member-associated NF-B activator (TANK) was first identified as a TRAF-binding protein. A previous study revealed that TANK enhances NF-B activation in cells expressing TRAF2. Therefore, TANK was considered as an NF-B activator (11) . However, TANK was also found to interact with the conserved TRAF-C domain of TRAFs, which inhibited NF-B activation by impeding the interaction between TRAFs and their receptors (12) . Additionally, TANK is functional in the inhibition of TRAF6-mediated NF-B activation in TNF␣-, IL-1-, and CD40-mediated signaling pathways (11, 12, 38, 50) .
TRAF6 is unique among the seven TRAF family members, which is involved in a range of physiological processes, including innate immunity, adaptive immunity, and bone metabolism (13) (14) (15) (16) . Stimulation with IL-1 triggers recruitment of the adaptor MyD88 to the intracellular domain of the IL-1 receptor at the cell membrane, resulting in recruitment of IL-1 receptorassociated kinases and TRAF6 and subsequent activation of IKK (17) . TRAF6 is also an E3 ubiquitin ligase, which is necessary for the polyubiquitination of its substrates and itself. It has been demonstrated that TRAF6 activates TAK1 and triggers the activation of both AP-1 and NF-B (18, 19) . Because of the important biological functions of NF-B in the innate and adaptive immune responses, the transcriptional activity of nuclear NF-B is tightly regulated through post-translational modifications at multiple levels by positive and negative regulatory elements (20) . Recently, the IKK complex, its regulators, and the key gatekeepers of NF-B signaling were reported to be targeted by different pathogens (8, 20) .
Here, we report a novel post-translational modification of TANK. TANK is cleaved by EMCV 3C at the 197 and 291 glutamine residues which are dependent on its enzymatic activity. Cleavage of TANK by EMCV 3C disrupts the ability of TANK to inhibit TRAF6-mediated NF-B signaling. Interestingly, we also found that other viral proteases encoded by FMDV, PRRSV, and EAV could cleave TANK in vitro, although the cleavage sites are different. To our knowledge, this is the first report to show that EMCV 3C specifically cleaves TANK in vitro. Our findings also reveal that several positive RNA viruses have adopted a novel mechanism to regulate NF-B signaling by cleavage of TANK using their proteases.
Experimental Procedures
Cell Lines and Viruses-Human embryonic kidney 293T (HEK293T) and baby hamster kidney (BHK)-21 cells were purchased from the ATCC and cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Hyclone Laboratories, Inc., Logan, UT), 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C in a 5% CO 2 -humidified atmosphere. EMCV HB10 strain and FMDV (Asia 1/YS/CHA/05) were propagated in BHK-21 cells as described previously (21, 22) . In brief, cellular supernatants of EMCV-infected BHK-21 cells were diluted 10-fold serially. BHK-21 cells in a 96-well plate were infected by 0.1 ml/well of serially diluted supernatant in quintuplicate. After incubating for 90 min at 37°C, unattached virus was removed, and DMEM supplemented with 2% FBS was added into each well and incubated at 37°C. Five days postinfection, 50% tissue culture infectious dose (TCID 50 ) was determined by the Reed-Muench method. All data were shown as the means of three independent experiments. EMCV infection was performed as described previously (23) . Other viruses and their cDNAs used in this study are listed in Table 1 .
Plasmids, Antibodies, and Reagents-The plasmids expressing FLAG-tagged RIG-I, MDA5, MAVS, TANK, TBK1, IKK⑀,  NEMO, IKK␣, TRAF6, TRAF3 , and IRF3 have been described previously (24) . pGL3-NF-B-Luc and pRL-SV40 plasmids were gifts from Hong Tang (Wuhan Institute of Virology, Wuhan, Hubei, China). To construct plasmids expressing HAtagged EMCV proteins (VP1, VP2, VP3, L-VP4, 2A, 2B, 2C, 3AB, 3C, and 3D) and EMCV 3C intermediates, the cDNAs of EMCV were cloned into the pCAGGS-HA (pHA) vector. TANK cDNAs from human or other species (monkey, swine, and mouse) were amplified by standard RT-PCR using total RNA extracted from HeLa, Marc-145, PK-15, or Raw 264.7 cells as templates and cloned into the pCAGGS-FLAG (pFLAG) vector. Mutants of human TANK (Q182A, Q190A, Q197R, Q266A, Q291A, Q301A, and Q197R/Q291A) and EMCV 3C (H46A, C159A, and H46A/C159A) were constructed by sitedirected mutagenesis or by overlap extension using Pfu DNA polymerase (Stratagene, La Jolla, CA). The cDNAs encoding deletion mutants of TANK, including 197N (1-197 amino acids), 197C (198 -425 amino acids), 291N (1-291 amino acids), and 291C (292-425 amino acids), were cloned into the pFLAG or pHA vector. The cDNAs of TANK and EMCV 3C were also cloned into the pGEX-4T3 or pET-28a vectors to express and purify recombinant proteins. The cDNAs encoding other viral proteases (such as FMDV, PRRSV, and EAV) were cloned into the pHA vector, and the mutants of FMDV-3C and EV71-3C were constructed using site-directed mutagenesis. The primers used in this study are available upon request. All constructs were validated by DNA sequencing.
Antibodies against NF-B-p65 (4764), p-NF-B-p65 (3033S), and IB␣ (IB␣) (4814) were purchased from Cell Signaling Technology, Inc. (Danvers, MA). PARP1 (13371-1-AP), anti-␤-actin (66009-1-Ig), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (60004-1-Ig) antibodies were purchased from Proteintech (Wuhan, China). Anti-TANK (sc-1998) and anti-caspase-3 (sc-271759) antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX). Antibodies against FLAG, HA, Myc, goat anti-mouse (A4416), or anti-rabbit (A0545) secondary antibodies were purchased from Sigma. Polyclonal and monoclonal antibodies against EMCV VP1 and 3C and FMDV VP2 were prepared by immunizing rabbits and mice using purified recombinant EMCV VP1, EMCV 3C, or FMDV VP2 proteins as immunogens. Goat antimouse fluorescein isothiocyanate (FITC)-labeled secondary antibody (F9006), the caspase inhibitor Z-VAD-FMK, the proteasome inhibitor MG132, and the lysosome inhibitor NH 4 Cl were purchased from Sigma.
Luciferase Reporter Gene Assays-Reporter assays were performed as described previously (25) (26) (27) . In brief, 2.5 ϫ 10 5 HEK293T cells were transfected with different concentrations of plasmids expressing the proteins as indicated, in combination with 100 ng/well pGL3-NF-B-Luc and 5 ng/well of the pRL-SV40 plasmid (Promega Corp., Madison, WI), which was used as a control for transfection efficiency. In each experiment, the total amount of DNA in each sample was kept constant by supplementation with the appropriate empty parental expression vector. At 24 h post-transfection (hpt), the activities of Firefly and Renilla luciferase were measured using the DualLuciferase reporter assay system (Promega Corp.) according to the manufacturer's instructions. These data represent relative Firefly luciferase activity normalized to Renilla luciferase activity and are representative of the independent experiments in triplicate. Data were presented as means Ϯ S.D.
Expression of Recombinant Proteins and Cleavage Assay in Vitro-Purification of recombinant proteins and the cleavage assay were performed in vitro as described previously (28) . In brief, His 6 -EMCV 3C protein was purified from clarified bacterial lysates by metal chelation chromatography. The GST-TANK protein was purified on a glutathione-agarose column. These proteins were dialyzed and stored at Ϫ80°C. To examine TANK cleavage in vitro, aliquots of recombinant EMCV 3C (His 6 -EMCV 3C) and GST-TANK were incubated in Buffer A (50 mM Tris acetate, pH 8.5, 1 mM EDTA, 10% glycerol, and 1 mM dithiothreitol). After incubation at 30°C for 20 min, the reactions were terminated by adding 1ϫ loading buffer and then subjected to Western blot analysis.
Co-immunoprecipitation (Co-IP) and Western Blot Analysis-Co-IP and Western blot analysis were performed as described previously (28, 29) . At 36 -48 hpt, the cells transfected with the different plasmids were lysed with cell lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 5 mM MgCl 2 , 1 mM EDTA, and 10% glycerol) containing 1 mM PMSF and 1ϫ protease inhibitor mixture (Roche Diagnostics). The cell lysates were incubated with anti-FLAG-agarose beads overnight at 4°C on a roller. The immunoprecipitants were subjected to electrophoresis. For Western blot analysis, equal amounts of cell lysates and immunoprecipitants were resolved on 10 -12% SDS-polyacrylamide gel and then transferred to polyvinylidine difluoride membrane (PVDF) (EMD Millipore Corp., Billerica, MA). After incubating with the indicated antibodies, the membranes were visualized using chemiluminescence (ECL; GE Healthcare, Buckinghamshire, UK).
Fluorescence Microscopy-HEK293T cells were transfected with a plasmid expressing FLAG-tagged TANK or its deletion mutants in the presence or absence of MG132 as indicated. At 12-24 hpt, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton X-100, and then probed with the anti-FLAG antibodies and 4Ј,6Ј-diamidino-2-phenylindole (DAPI). Samples were visualized with a Zeiss LSM-510 laser scanning fluorescence microscope (Carl Zeiss AG, Jena, Germany).
RNA Interference-The control shRNA (shNC) and shRNA targeting human TANK (shTANK) were purchased from GenePharma (Shanghai, China). shTANK sequence is UCA-CUUCAACAGACUAUUATT. To reduce TANK protein expression in HEK293T cells, shNC or shTANK was transfected into HEK293T cells with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. To test the shRNA knockdown effects, TANK protein levels were analyzed by Western blotting.
RNA Extraction and Quantitative Real Time RT-PCR-To detect human TNF␣ mRNA levels, total mRNA was extracted from the HEK293T cells infected with EMCV using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Reverse transcription was carried out using Primescrript TM RT master mix (Takara Bio Inc., Japan). Quantitative real time PCR (qRT-PCR) was performed, and products were detected using an Agilent-Stratagene Mx Real-Time qPCR system according to SYBR Premix DimerEraser (catalog no. RR091A) instructions (Takara Bio Inc., Japan). Each sample was run in triplicate. The relative amount of mRNA for target gene was normalized to ␤-actin mRNA in the same sample. The target sequences were amplified by using the following primers: human TNF␣ RNA forward primer (5Ј-GCTGAGGAA-CAAGCACCG-3Ј) and reverse primer (5Ј-CCTCTCACAT-ACTGACCCACG-3Ј); ␤-actin RNA forward primer (5Ј-CCTTCCTGGGCATGGAGTCCTG-3Ј) and reverse primer (5Ј-GGAGCAATGATCTTGATCTTC-3Ј).
50% Tissue Culture Infectious Dose (TCID 50 ) Assay-Cellular supernatants from EMCV-infected HEK293T cells at different times were serially diluted 10-fold. HEK293T cells grown in a 96-well plate were infected with 0.1 ml/well of serially diluted supernatant in quintuplicate. After incubating for 90 min at 37°C, unattached virus was removed, and DMEM supplemented with 2% FBS was added to the HEK293T cells prior to incubation at 37°C. Five days post-infection, the TCID 50 was determined by the Reed-Muench method. All data are shown as the means of three independent experiments.
Accession Numbers-The following information was arranged in the format of "species," "symbol," and "accession numbers" as follows: human RIG-I (O95786); human MDA5 (Q9BYX4); human MAVS (Q7Z434); human TBK1 (Q9UHD2); human IKK⑀ (Q14164); human NEMO (Q9Y6K9); human IKK␣ (O15111); human IRF3 (Q14653); human TRAF3 (Q60803); human TRAF6 (Q9Y4K3); human TANK (Q6NW12); swine TANK (F1RPR5); monkey TANK (Q4R5I0); mouse TANK (Q8R383); and EMCV HB10 (JQ864080.1).
Results

TANK Is a Novel Target of EMCV 3C
Protease-Previous studies demonstrated that viral proteases encoded by several picornaviruses could cleave the key molecules in type I interferon (IFN) and NF-B signaling pathways, which resulted in the inhibition of IFN production and NF-B activation (26, 30 -32) . To investigate which host protein related to IFN and NF-B signaling pathways is cleaved by EMCV 3C, HEK293T cells were transfected with a plasmid ectopically expressing FLAG-tagged RIG-I, MDA5, MAVS, TANK, TBK1, IKK⑀, NEMO, IKK␣, TRAF3, TRAF6, or IRF3, in combination with empty vector or a plasmid expressing HA-EMCV 3C. As shown in Fig. 1A , RIG-I and TANK, but none of the other proteins chosen in this study, were cleaved by EMCV 3C. We observed that the reduced abundance of full-length TANK (55 kDa) was accompanied by the appearance of two N-terminal fragments of TANK with apparent molecular masses of about 35 and 25 kDa (designated TANK-N1 and TANK-N2), suggesting that EMCV 3C caused at least two scissions within human TANK.
To confirm whether TANK is cleaved by EMCV 3C in a dosedependent manner, HEK293T cells were cotransfected with a plasmid encoding FLAG-TANK and increasing amounts of a plasmid expressing EMCV 3C. The result showed that the intensity of FLAG-TANK diminished when the protein levels of EMCV 3C were increased, and two N-terminal fragments began to appear (Fig. 1B, lanes 2-4) , although there exists at least one additional C-terminal fragment, but it is degraded via the proteasome pathway (refer to Fig. 5 ). To further confirm that EMCV 3C cleaves TANK in vitro, purified EMCV 3C (His 6 -EMCV 3C) and GST-TANK were incubated, and the reaction products were detected with anti-EMCV 3C and anti-TANK antibodies. As shown in Fig. 1C , we found that purified EMCV 3C cleaved GST-TANK and produced two N-terminal fragments in vitro (60 and 45 kDa).
To test whether TANK interacts with EMCV 3C, EMCV 3C and FLAG-TANK were coexpressed in HEK293T cells, and coimmunoprecipitation assay was performed. Our data illustrated that EMCV 3C was co-immunoprecipitated with FLAG-TANK and its cleaved fragments, despite the fact that TANK had been cleaved into two N-terminal fragments (Fig. 1D ), suggesting that TANK and its cleaved N-terminal fragments specifically interacted with EMCV 3C.
EMCV 3C Protease Activity Is Required for TANK Cleavage-
To test whether other EMCV proteins or EMCV 3C-processing intermediates are capable of cleaving TANK, these EMCV proteins were coexpressed with FLAG-TANK in HEK293T cells. As expected, only EMCV 3C and its processing intermediates (3ABCD, 3ABC, and 3CD) possess the ability to cleave TANK (Fig. 2, A and B) . These results were consistent with the fact that only EMCV 3C and its processing intermediates have protease activity.
To determine whether TANK cleavage by EMCV 3C is dependent on its protease activity, we constructed three plasmids expressing different mutant versions of EMCV 3C (H46A, C159A, and H46A/C159A) (Fig. 2C) and utilized them to analyze TANK cleavage. As shown in Fig. 2D , EMCV 3C cleaved TANK and produced two N-terminal fragments, whereas the three mutants of EMCV 3C failed to cleave TANK.
Apoptotic Caspases Are Not Required for TANK CleavageTo investigate whether EMCV 3C-mediated TANK cleavage is dependent on apoptosis-related cysteine caspase activity, proteasome or lysosome signaling, HEK293T cells expressing FIGURE 1. TANK is a novel substrate of EMCV 3C. A, EMCV 3C cleaves TANK. HEK293T cells were transfected with 2 g of a plasmid expressing FLAG-tagged RIG-I, MDA5, MAVS, TANK, TBK1, IKK⑀, NEMO, IKK␣, TRAF6, TRAF3, or IRF3, along with 2 g of empty vector or 2 g of a plasmid encoding HA-EMCV 3C. At 36 hpt, the cell lysates were analyzed by Western blotting (WB) with the indicated antibodies. B, HEK293T cells were transfected with a plasmid expressing FLAG-TANK alone or along with increasing doses (0, 0.5, 1, or 2 g) of plasmid encoding HA-EMCV 3C. The cell lysates were analyzed with the indicated antibodies. C, recombinant GST-TANK was incubated with purified EMCV 3C (His 6 -EMCV 3C). The reaction products were analyzed with anti-GST and anti-TANK antibodies. D, EMCV 3C interacts with TANK. HEK293T cells were transfected with a plasmid encoding FLAG-TANK, in combination with a plasmid encoding HA-EMCV 3C or HA-EMCV 3D as indicated. The cell lysates were immunoprecipitated (IP) with anti-FLAG antibody. The immunoprecipitants and aliquots of the whole cell lysates were subjected to Western blotting analysis with anti-HA, anti-FLAG, or anti-GAPDH antibodies.
FLAG-TANK and HA-EMCV 3C were treated with a pan-caspase inhibitor (Z-VAD-FMK), proteasome inhibitor (MG132), or lysosome inhibitor (NH 4 Cl), respectively. We found that none of the three inhibitors prevented EMCV 3C-mediated TANK cleavage (Fig. 3A, lanes 3-6) . Consistent with these results, we found that TANK could not be cleaved in puromycin-induced apoptotic cells (Fig. 3B) , although procaspase-3 and its substrate PARP1 were cleaved, which demonstrated that pro-caspase-3 was activated.
TANK Is Cleaved at and Gln-291 by EMCV 3C-Our results indicated that EMCV 3C cleaved TANK and yielded two N-terminal fragments, TANK-N1 and TANK-N2 (Fig. 2, A-C) . It has been demonstrated that EMCV 3C preferentially cleaves Gln-Ala, Gln-Ser, and Gln-Cys amino acid pairs (33) (34) (35) . According to these data, we examined the amino acid sequence of TANK for potential EMCV 3C cleavage sites and inferred that at least two potential EMCV 3C cleavage sites may exist between amino acids 180 -210 and 260 -310 within human TANK. As shown in Fig. 4A , the two regions bear several glutamines (Gln) that resemble the signature Gln-Gly and Gln-Ala sequences of proteolytic sites for EMCV 3C (Fig. 4F) .
To define the putative cleavage site, a series of TANK substitution mutants were constructed in which the invariant glutamine at each potential P1 position was replaced with arginine or alanine (Fig. 4A) . TANK or its mutants were coexpressed with EMCV 3C in HEK293T cells. As shown in Fig. 4B (lanes 8 and  12) , TANKQ197R and TANKQ291A were partially resistant to EMCV 3C. In contrast to the Q197R and Q291A mutants, mutations at other glutamine residues (Q182A, Q190A, Q266A, and Q301A) did not prevent EMCV 3C cleavage. To further test whether Gln-197 and Gln-291 are indeed the cleavage sites, we generated a Q197R/Q291A double mutant (TANK-DM) and coexpressed it with EMCV 3C. As shown in Fig. 4C , we found that TANK-DM was completely resistant to EMCV 3C. Taken together, these findings suggest that TANK is cleaved by EMCV 3C at the 197 and 291 glutamine residues, producing at least four fragments (Fig. 4D) . Interestingly, we also found that EMCV 3C cleaved mouse and monkey TANK and yielded two N-terminal fragments (Fig. 4E, 4th and 6th lanes), whereas EMCV 3C cleaved swine TANK to produce only one fragment (Fig. 4E, 8th lane) . Compared with human TANK and mouse TANK, Glu-285 in swine TANK is not conserved, which may not be recognized and cleaved by EMCV 3C. These data suggest that TANK proteins from different species are able to be cleaved by EMCV 3C, which is consistent with the fact that EMCV has a broad range of susceptible hosts.
C-terminal Fragment of TANK Is Unstable-To test the stability of TANK and its cleaved fragments, HEK293T cells were transfected with a plasmid expressing TANK or its deletion mutants corresponding to the cleaved fragments in the presence or absence of the proteasome inhibitor MG132. We found that TANK-291C was an unstable fragment, which degraded via the ubiquitin-proteasome system because the proteasome inhibitor MG132 could block its degradation (Fig. 5, A and B) . To test whether the TANK-291N and TANK(197C) fragments are cleaved by EMCV 3C and dependent on EMCV 3C protease activity, the two fragments were coexpressed with EMCV 3C or EMCV 3C-DM in the presence or absence of MG132. As shown in Fig. 5, C and D, TANK-291N and TANK(197C) were cleaved by EMCV 3C, but not EMCV 3C-DM. In addition, we also found that the TANK(197C) was an unstable fragment, which could be cleaved by EMCV 3C, yielding two unstable fragments (Fig. 5, E and F) .
TANK Is Cleaved at Gln-291 in EMCV-infected Cells-To test whether TANK is cleaved during EMCV infection, HEK293T cells were either mock-infected or infected with EMCV at different multiplicities of infection, and the integrity of TANK was investigated. As shown in Fig. 6A , upon infection with increasing doses of EMCV, the levels of endogenous TANK decreased in a dose-dependent manner, and only a 35-kDa cleavage product (designated TANK-N1) was recognized by anti-TANK antibody against N terminus of TANK. Consistent with this result, a 35-kDa fragment was observed when HEK293T cells expressing FLAG-TANK were infected with the same dose of EMCV (Fig. 6B, lanes 3-5) . As EMCV infection can induce apoptosis of target cells, to test whether EMCV-induced TANK cleavage is associated with apoptosis, TANK cleavage following EMCV infection was analyzed in the presence of Z-VAD-FMK, MG132, or NH 4 Cl. As shown in Fig.  6B (lanes 5, 6, and 8) , PARP1 was cleaved when cells were infected with EMCV at an m.o.i. of 1.0. However, TANK cleavage in EMCV-infected cells could not be blocked by Z-VAD-FMK, MG132, or NH 4 Cl (Fig. 6B, lanes 6 -8) . These results demonstrate that TANK could not be cleaved by apoptotically related caspases and proteasome or lysosome signaling did not participate in TANK cleavage.
Based on these results, we proposed that TANK might be preferentially cleaved at the Gln-291 but not at Gln-197 during EMCV infection. To test this hypothesis, HEK293T cells expressing TANK or its mutants were infected with EMCV as indicated. As shown in Fig. 6C (lanes 5-8) , TANK-Q291A and TANK-DM were completely resistant to cleaving during EMCV infection, but not TANK and TANK-Q197R. To further confirm these results, a plasmid expressing dual-tagged TANK (FLAG-TANK-HA containing a FLAG tag at the N-terminal end and an HA tag at the C-terminal end of TANK) was transfected into HEK293T cells, which were then infected with EMCV in the presence or absence of MG132. Proteolysis of TANK was examined with anti-FLAG and anti-HA antibodies. Consistent with our previous results, a 35-kDa N-terminal fragment was detected by anti-FLAG antibody (Fig. 6D, lanes 1-4) . However, the C-terminal fragment(s) could not be detected with anti-HA antibody in the absence of MG132. In addition, we noticed that a 15-kDa C-terminal fragment was detected by Western blotting with anti-HA antibody in the presence of MG132. These data indicate that the C-terminal fragment of TANK produced by EMCV 3C is unstable, which is degraded via the ubiquitin-proteasome system (Fig. 6D, lanes 7 and 8) .
Taken together, our findings demonstrate that TANK is specifically cleaved at Gln-291 during EMCV infection, yielding two fragments (TANK-291N and TANK (291C)), and TANK (291C) is an unstable fragment that is degraded via the proteasome signaling pathway (Fig. 6E) .
Cleavage of TANK Is Involved in NF-B Activation during EMCV Infection-To detect the effect of EMCV infection in the NF-B signaling pathway, HEK293T cells were infected with EMCV at the different times. As shown in Fig. 7 , A and B, we found that TANK cleavage was accompanied by the expression of EMCV 3C, and the mRNA level of TNF␣ was significantly increased along with the EMCV titer. In addition, we observed that IB was degraded, and phosphorylation of p65 was increased, whereas the EMCV titer is increased (Fig. 7C) . These results suggest that EMCV infection activates NF-B signaling in HEK293T cells. To investigate whether TANK affects EMCV-induced NF-B activation, HEK293T cells were transfected with control shRNA (shNC) or shRNA targeting TANK (shTANK), along with the NF-B-Luc reporter gene. The cells were then infected with EMCV. We found that knockdown of TANK expression significantly increased NF-B promoter activity in the mock-infected cells (Fig. 7D, columns 2 and 3) . However, knockdown of TANK expression did not significantly reduce NF-B activation when the cells were infected with EMCV (Fig. 7D, columns 4 and 6) . To test whether TANK cleav- To detect which protein encoded by EMCV plays major roles in activating NF-B signaling, a plasmid expressing individual EMCV protein was transfected into HEK293T cells along with NF-B-Luc. As a result, ectopic expression of EMCV 2B and 3C significantly enhanced the activation of the NF-B promoter, whereas the structural proteins (VP1-VP4) and 2A, 3AB, and 3D had little impact on NF-B activation (data not shown). Recently, the effect of 2B on the NF-B signaling pathway has been reported (3). However, the molecular mechanism of EMCV 3C-mediated NF-B activation is not fully understood.
EMCV 3C Enhances TRAF6-mediated NF-B Signaling by Targeting TANK-It
has been demonstrated that TRAF6 is required for NF-B activity in the IL-1R signaling pathway. TANK associates with TRAF6 and inhibits TRAF6-mediated NF-B activity (12, 36, 37) . In this study, we found that TANK is cleaved by EMCV 3C during EMCV infection. To test whether cleavage of TANK by EMCV 3C impairs its effects on TRAF6-mediated NF-B activation, TANK or its mutants were coex- pressed with EMCV 3C and TRAF6 in HEK293T cells. As shown in Fig. 8A , TANK and its mutants inhibited TRAF6-mediated NF-B promoter activation. Interestingly, the inhibitory effect of TANK on TRAF6 was relieved by EMCV 3C. The result suggests that the cleavage of TANK by EMCV 3C is required to relieve TANK inhibitory effect on NF-B signaling. To further test the effects of TANK cleavage fragments on TRAF6-mediated NF-B signaling, HEK293T cells were transfected with plasmids expressing TANK or its cleaved fragments, along with the NF-B-Luc reporter gene. As shown in Fig. 8, B and C, TANK, but not its cleaved N-terminal fragments, inhibited TRAF6-mediated NF-B promoter activation, although the full-length TANK and N-terminal fragments of TANK (TANK-197N and TANK-291N) still bound TRAF6. Taken together, our data show that TANK cleavage by EMCV 3C relieves its inhibitory effect on TRAF6-mediated NF-B signaling, indicating that intact TANK is required for the inhibition of TRAF6-mediated NF-B-Luc activation. These findings are consistent with previous observations that TANK negatively regulates TRAF6 function (37) .
TRAF6 is an E3 ubiquitin ligase that serves as a platform to recruit the kinase TAK1 and the IKK complex, which subsequently activates NF-B-dependent target genes in the IL-1R signaling pathway. Following stimulation, TRAF6 begins to oli- gomerize and activates its ubiquitin ligase activity, which leads to lysine 63 (Lys-63)-linked polyubiquitination of target proteins such as NEMO and TRAF6 itself (38) . It has been demonstrated that TANK could inhibit TRAF6 polyubiquitination (12) . To investigate whether EMCV 3C affects TRAF6 polyubiquitination, HEK293T cells were transfected with plasmids expressing TRAF6 and HA-Ub-K63, along with plasmids expressing TANK or TANK-DM and EMCV 3C. As shown in Fig. 8D , we found that both TANK and TANK-DM inhibited TRAF6 polyubiquitination (Fig. 8D, lanes 4 and 5) . However, EMCV 3C relieved the TANK inhibitory effect on TRAF6 polyubiquitination but not TANK-DM (Fig. 8D, lanes 7 and 8) .
In addition, we found that TRAF6 overexpression promoted the nuclear translocation of the NF-B subunit (p65), which was inhibited by TANK (Fig. 8, E and F) . Interestingly, we also found that EMCV 3C, but not EMCV 3C-DM, relieved the inhibitory effect of TANK on the TRAF6-mediated nuclear translocation of p65 (Fig. 8, E and F) .
TANK Is Cleaved by FMDV 3C Protease-To test whether TANK is cleaved by proteases encoded by other members of picornaviridae, the BHK-21 cells expressing FLAG-TANK were infected with FMDV, EV71, or CVB3 (Table. 1), respectively. The cells were harvested when the cytopathic effects were visible and the cell lysates were analyzed with the antibodies as indicated. As shown in Fig. 9 , A, D, and F, TANK was cleaved in FMDV-infected cells, but not in EV71-and CVB3-infected cells. The FMDV genome encodes two proteases, FMDV L and FMDV 3C. Therefore, we continued to test which protease could cleave TANK. As shown in Fig. 9 , B and C, TANK was cleaved by FMDV 3C and produced a 15-kDa N-terminal fragment. The abundance of TANK was reduced when FMDV L was coexpressed with TANK, but no cleaved fragment was detected (Fig. 9B, lanes 2 and 3) . In addition, we found TANK cleavage by FMDV 3C is dependent on its protease activity because the protease with activity site mutant (H46Y), designated as FMDV 3C-M, did not cleave TANK (Fig. 9C) . We also noticed that EV71 3C protease (EV71 3C) did not cleave TANK (Fig. 9E) .
TANK Is Cleaved by Other Viral Proteases-The viral genomic RNAs of positive RNA viruses are translated into one or two polyproteins. The polyprotein(s) can be processed into mature functional proteins by viral proteases (1, 39, 40) . It has been proposed that these viral proteases could cleave host proteins to evade host innate immune response (39 -41). To test whether TANK is cleaved by these viral proteases, TANK was coexpressed with these major proteases encoded by several positive RNA viruses belonging to the Arteriviridae, Coronaviridae, and Flaviviridae ( Table 1) . As shown in Fig. 10 , we found that TANK was cleaved by PRRSV nonstructural protein 4 (Nsp4) and EAV Nsp4, but not NS3 proteases encoded by SARS NS3, TGEV NS3, JEV NS3, and CSFV NS3. These results demonstrate that TANK is a novel common target of several positive RNA viral proteases. Further investigation of the cleavage sites and effects of the cleavage products on the host antiviral response and viral replication are warranted.
Discussion
EMCV 3C Cleaves TANK-Many viruses have evolved different strategies to evade host innate immune responses. For example, some viral proteases can inhibit type I IFN production and NF-B signaling through the cleavage of receptors, adaptors, and regulators involved in these two pathways (30 -32). The expressions of TRAF6, TANK, and GAPDH were analyzed by Western blotting with the indicated antibodies. C, HEK293T cells were transfected with plasmids expressing TRAF6 and TANK or its cleaved fragments. The cell lysates were immunoprecipitated (IP) with anti-FLAG antibody, and immunoprecipitants and aliquots of whole cell lysates (WCL) were analyzed by Western blotting. D, HEK293T cells were transfected with plasmids expressing FLAG-TRAF6 and HAubiquitin-Lys-63, along with a plasmid encoding Myc-TANK or its double mutant, in combination with a plasmid expressing EMCV 3C. FLAG-TRAF6 was immunoprecipitated with anti-FLAG antibody. The polyubiquitination of TRAF6 was detected with anti-HA antibody. E and F, HEK293T cells were transfected with a plasmid expressing GFP-p65 alone or in combination with a plasmid expressing TRAF6, along with a plasmid expressing EMCV-3C or its double mutant. The cells that GFP-p65 localized in the nucleus were numbered, and the expression of GFP-p65, TRAF6, TANK, 3C, and GAPDH were detected by Western blotting (E). GFP-p65 localization was visualized by confocal microscope (F). **, p Ͻ 0.01; ***, p Ͻ 0.001.
Zaragoza et al. (42) reported that coxsackievirus 3C protease cleaves the inhibitor of NF-B␣ (IB␣), and the proteolytic fragment forms a stable complex with NF-B. The complex is translocated to the nucleus where it inhibits NF-B transcriptional activation, which consequently increases cell apoptosis and decreases viral replication (42) . Recently, NEMO, an adaptor that bridges the NF-B and type I IFN signaling (43) , is identified as a substrate of FMDV 3C and PRRSV Nsp4 (32, 44) . Cleavage of NEMO impairs its ability to induce downstream IFN production and act as a signaling adaptor in the RIG-I/ MDA5 pathway (32, 44) .
EMCV 3C is the only cysteine protease encoded by the EMCV genome. Once EMCV 3C is translated, it is immediately activated and starts to cleave the two viral polyproteins and host proteins in cis or in trans with a high degree of substrate specificity (1) . Through analysis of these known cleavage sites within the EMCV polyprotein, we found that EMCV 3C preferentially cleaves between Gln or Glu and Gly, Ser, or Ala residues. Recently, several cellular substrates of EMCV 3C were reported. RIG-I is found to be cleaved by EMCV 3C, which may explain why RIG-I is not the functioning sensor for EMCV RNA (45) . Poly(A)-binding protein is also found as a substrate of EMCV 3C. EMCV 3C cleaves poly(A)-binding protein at a specific site, which inhibits EMCV replication (46) .
In this study, we found that TANK is a novel substrate of EMCV 3C, which is cleaved at Gln-291 to yield an N-terminal (Fig. 5, C and D) . Why EMCV 3C does not cleave TANK at Gln-197 during EMCV infection remains unclear. We speculated that EMCV 3C might interact with other viral proteins or host proteins during EMCV replication, which blocks the TANK Gln-197 site to expose to EMCV 3C through steric hindrance. However, there are also some other possibilities. EMCV 3C might preferentially cleave TANK at the Gln-Gly rather than Gln-Ala or a much lower amount of EMCV 3C is produced during EMCV infection compared with EMCV 3C overexpression in vitro. Cleavage of TANK Enhances TRAF6-mediated NF-B Activation-It has been demonstrated that mice lacking the p50 subunit of NF-B exhibit multifocal defects in immune responses involving B lymphocytes and nonspecific responses to infection. Additionally, mice lacking p50 are more resistant to infection with murine EMCV (47) . The survival rate of p50 Ϫ/Ϫ mice is higher than that of p50 ϩ/ϩ mice after EMCV infection, which is tightly linked to the animals' ability to clear the virus from the heart in vivo (48) . Kawagoe et al. (37) also demonstrated that macrophages and B cells isolated from tank Ϫ/Ϫ mice have a greater potential to activate canonical NF-B signaling in response to the stimulation of TLRs and B cell receptors. Recently, Ito et al. (3) reported that EMCV 2B is sufficient to induce the NLRP3 inflammasome activation and the IL-1␤ secretion. As a result, secreted IL-1␤ can bind to IL-1 receptors and activate NF-B. These data suggest that NF-B signaling is important for the EMCV-mediated pathogenicity.
TANK is identified as a TRAF2-and TRAF6-interacting protein (11, 49) . It has been demonstrated that TANK contains a positive regulatory domain at its N terminus (N-TANK, 1-190 amino acids) and a negative regulatory domain at its C terminus (C-TANK) (11) . N-TANK can activate NF-B synergistically with full-length TRAF2, whereas C-TANK has a potent inhibitory effect. The synergistic activation of NF-B by TRAF2 and N-TANK is completely abolished when equal amounts of N-TANK and C-TANK plasmids are cotransfected with TRAF2 (11). Interestingly, TANK inhibits the activation of NF-B by TNF␣, IL-1, and CD40 through inhibition of TRAF6-mediated NF-B activation (11, 12, 37, 50) . Consistent with these results, our results reveal that TANK inhibits TRAF6-mediated NF-B activity (Fig. 8, A and B) . Furthermore, we found that N-terminal fragments of TANK produced by EMCV 3C lose their abilities to inhibit TRAF6-mediated NF-B activation, although the cleavage products TANK-197N and TANK-291N could still interact with TRAF6 (Fig. 8C) . Our findings reveal that the inhibitory TANK (291C) is degraded, which provides one clue why the inhibitory effect of TANK on TRAF6-mediated NF-B activation is relieved by EMCV 3C in EMCV-infected cells.
It has been demonstrated that TANK suppresses TLR signaling by down-regulating TRAF6 auto-ubiquitination (12) and that TLR-induced polyubiquitination of TRAF6 is up-regulated in tank Ϫ/Ϫ macrophages (37) . In agreement with these results, we found that TANK inhibits the polyubiquitination of TRAF6 (Fig. 8D, lane 4) , and the cleavage of TANK by EMCV 3C enhances the polyubiquitination of TRAF6 (Fig. 8D, lane 7) . Our data suggest that cleavage of TANK is required for the activation of NF-B in EMCV-infected cells. In summary, the cleavage of TANK by EMCV 3C relieves the inhibitory effect of TANK on TRAF6-mediated NF-B activation by enhancing TRAF6 polyubiquitination, which may partially explain why NF-B is activated in EMCV-infected cells.
Cleavage of TANK Is a Novel Strategy for Modulating NF-B Signaling by Several Viruses-Post-translational modification of TANK is important for its functions (8, (51) (52) (53) . TNF␣ stimulation promotes TANK recruitment to the IKK complex, where TANK is phosphorylated by IKK␤, and the interaction between TANK and NEMO is reduced (51) . Recently, Shi et al. (53) demonstrated that the mitochondrial outer membrane protein MARCH5 interacts with TANK and catalyzes its Lys-63-linked polyubiquitination, which impairs its ability to inhibit TRAF6-mediated NF-B signal transduction. To our knowledge, this is the first report that EMCV 3C specifically cleaves TANK in vitro. Interestingly, we found that EMCV 3C is not the only protease in picornaviruses that targets TANK. FMDV 3C also cleaves TANK, although the cleavage sites are different (Fig. 9, A-C) . Additionally, we found that TANK is cleaved by PRRSV Nsp4 and EAV Nsp4, which are the main proteases required for viral polyprotein cleavage (39 -41) . However, four other viral proteases encoded by different members of coronaviridae and flaviviridae are unable to cleave Table 1 ). The cell lysates were subjected to Western blotting (WB) analysis with antibodies against HA, FLAG, or Myc.
TANK (Fig. 10) . Therefore, we proposed that TANK is a novel target of some certain single-stranded positive-sense RNA viruses, which is involved in viral infection-mediated NF-B activation.
Previous reports demonstrated that TRAF6 participates in the NF-B signaling pathway (12, 54, 55) . The absence of TRAF6 results in enhancement of viral replication and a significant reduction in the production of IL-6 and type I IFN after viral infection. Activation of NF-B and IRF7 is also significantly impaired during RIG-I-like helicase signaling in the absence of TRAF6 (14) . As TANK is a known binding partner of TRAF6, the cleavage of TANK by different viral proteases may represent a common mechanism to regulate host innate immune and inflammatory responses. However, the importance of viral protease-mediated cleavage of TANK and the functions of the cleaved fragments under normal physiological conditions remain unknown.
In this study, we are the first to demonstrate that the cleavage of TANK by EMCV 3C impairs the ability of TANK to inhibit TRAF6-mediated NF-B signaling (Fig. 8) . Cleavage of TANK is a novel common mechanism for some positive RNA viruses to evade the host innate immune responses. Our findings provide a novel insight on the prevention and treatment of virusrelated diseases. 
